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URFN DFWLYDWH ZDWHUEHDULQJ IUDFWXUHV K\GUDXOLFDOO\ DQG PHFKDQLFDOO\ DQG FUHDWH QHZ RQHV 7KLV WRJHWKHU ZLWK
DOWHUDWLRQRIWKHUHJLRQDOVWUHVVILHOGFDXVHGE\H[RJHQLFLPSDFWOLNHJODFLDWLRQUHGXFHVWKHUROHRIWKHURFNWREHMXVW
WR SURYLGH PHFKDQLFDO SURWHFWLRQ RI WKH ³FKHPLFDO DSSDUDWXV´ 3XVFK  ,W LV ZHOO SXW E\ WKH ORJR RI WKLV
V\PSRVLXP ³For eons the earth has been bending, buckling, contracting and expanding. And this unique dance
gives rise to sculptures which are wonders of nature´. 7KHHYHURQJRLQJPDVVDJHFRQWLQXHVWRPDNHGLVFRQWLQXLWLHV
SURSDJDWHDQGFKDQJHVWKHVWUHVVFRQGLWLRQVVRWKDWQHZVWUXFWXUDOIHDWXUHVHYROYH
5RFNVWUXFWXUH
2.1 Basis of quantifying groundwater flow and mechanical strain 
&U\VWDOOLQHURFNLVEORFNVWUXFWXUHGRQDQ\VFDOHZLWKVRPHZKDWXQGXODWLQJRULHQWDWLRQRIWKHIUDFWXUHVDQGIUDFWXUH
]RQHV)LJ,QSUDFWLFHVHWVRIVXFKGLVFRQWLQXLWLHVRIDOOVL]HVFDQKDYHGLIIHUHQWRULHQWDWLRQDQGYDU\LQJVSDFLQJ






)LJ UHIHUV WR D VLPSOH SUDFWLFDO FODVVLILFDWLRQ VFKHPH RI URFN GLVFRQWLQXLWLHV WKDW JLYHV W\SLFDO UDQJHV RI





2UGHU /HQJWKP 6SDFLQJP :LGWKP +\GUDXOLFFRQGXFWLYLW\ *RXJHFRQWHQW 6KHDUVWUHQJWK
/RZRUGHUFRQGXFWLYLW\DQGVWUHQJWKUHIHUWRWKHUHVSGLVFRQWLQXLW\DVDZKROH
VW !( !( !( 9HU\KLJKWRPHGLXP +LJK 9HU\ORZ
QG (( (( (( +LJKWRPHGLXP +LJKWRPHGLXP /RZ
UG (( (( (( 0HGLXP 0HGLXPWRORZ 0HGLXPWRKLJK
+LJKRUGHUFRQGXFWLYLW\DQGVWUHQJWKUHIHUWREXONURFNZLWKQRGLVFRQWLQXLWLHVRIORZHURUGHU
WK (( (( ( /RZWRPHGLXP 9HU\ORZ 0HGLXPWRKLJK
WK (( (WR( ( /RZ 1RQH +LJK
WK (WR( (WR( ( 9HU\ORZ 1RQH 9HU\KLJK
WK ( ( ( 1RQH 1RQH 9HU\KLJK




























































IRXQG WR EH OLQHDU DV YHULILHG E\ SLH]RPHWHU UHDGLQJV DW VWHDG\ VWDWH FRQGLWLRQV %|UJHVVRQ DQG 3XVFK 
$VVXPLQJ VWUDLJKW KRUL]RQWDO IORZ SDWKV IURP WKH LQQHU WR WKH RXWHU ERUHKROH JDOOHU\ DQG DSSO\LQJ 'DUF\ IORZ





ILIWKRI WKH WKDWRI WKHYLUJLQURFNKHQFH LQGLFDWLQJD³VNLQ´]RQHFDXVHGE\KLJKKRRSVWUHVVHV7KH6WULSD%07
IORZ WHVW LV VWLOO WKH RQO\ H[SHULPHQW WKDW KDV EHHQ SHUIRUPHG RQ D VXIILFLHQWO\ ODUJH VFDOH WR YHULI\ WKDW WXQQHO
H[FDYDWLRQE\EODVWLQJKDVDVLJQLILFDQWHIIHFWRQWKHFRQGXFWLYLW\RIWKHQHDUILHOGURFN7KHUHVXOWVDUHLQFRPSOHWH
DJUHHPHQWZLWKSUHFHGLQJ ILHOG WHVWV ³0DFURSHUPHDELOLW\([SHULPHQW´ LQ WKH VDPHDUHDSHUIRUPHGE\/DXUHQFH
%HUNHOH\/DERUDWRULHVXVLQJYHQWLODWLRQWHFKQLTXHV*DOHDQG5ROHDX
2.5 Impact of construction on the hydraulic conductivity of the near-field of tunnels and boreholes 













ORZHU WKDQ IRU ERULQJ $ IXUWKHU DGYDQWDJH FDQ EH WKDW WKH IUDJPHQWHG URFN WKH PXFN KDV D JUDQXORPHWULF
FRPSRVLWLRQWKDWLVPRUHVXLWDEOHIRUFRQVWUXFWLQJILOOVDQGHPEDQNPHQWVIRUURDGVDQGUDLOZD\VWKDQWKHILQHGHEULV
IURPERULQJ$VVXPLQJWKHGDWDIURPWKH6WULSDILHOGWHVWVWREHJHQHUDOO\YDOLGWKHRYHUDOOK\GUDXOLFHIIHFWRIWKH
('= LV LOOXVWUDWHGE\7DEOHZKLFKVKRZV WKHD[LDO IORZDFURVVDQDVVXPHGQHDUILHOGRIPRIDEODVWHGRU
7%0ERUHG.%6+WXQQHODQGDFURVVPRIYLUJLQURFN7KHRXWHUERXQGDU\RIWKLVFLUFXODUDUHDFRUUHVSRQGV
DSSUR[LPDWHO\ WR WKH H[WHQVLRQ RI WKH ³VWUHVVJHQHUDWHG´ ('= IRU D EODVWHG  PGLDPHWHU WXQQHO IRU ZKLFK WKH
H[WHQVLRQRI WKH³EODVWJHQHUDWHG´]RQHZLWKDK\GUDXOLFFRQGXFWLYLW\RI(PV LV WDNHQDVP)RUDERUHG
WXQQHOWKH³ERUHJHQHUDWHG´('=H[WHQGVRQO\WRPGLVWDQFHIURPWKHWXQQHOSHULPHWHUDQGKDVDQDYHUDJH
FURVVVHFWLRQDUHDRIDERXWP,WVK\GUDXOLFFRQGXFWLYLW\LVWDNHQWREH(PVDVHYDOXDWHGIURPODERUDWRU\
WHVWVRIFRUH VDPSOHVDQG IURPILHOG WHVWV LQDQRWKHUJUDQLWHGRPLQDWHGXQGHUJURXQGVLWH LH6.%¶VXQGHUJURXQG
ODERUDWRU\DWbVS|3XVFK7KHFURVVVHFWLRQDUHDRIWKH³VWUHVVJHQHUDWHG´('=LVWKHGLIIHUHQFHEHWZHHQWKH
PQHDUILHOGDUHDDQG WKHVXPRI WKHH[FDYDWLRQGLVWXUEHGFURVVVHFWLRQDUHDDQG WKHFURVVVHFWLRQDUHDRI WKH
WXQQHO  P ,W LV DVFULEHG D K\GUDXOLF FRQGXFWLYLW\ RI ( PV IRU ERWK FRQVWUXFWLRQ PHWKRGV ZKLFK LV RQH
KXQGUHGWLPHVKLJKHUWKDQIRUWKHYLUJLQURFN,QUHDOLW\WKHFRQGXFWLYLW\RIWKH³VWUHVVJHQHUDWHG´('=IRUDERUHG
WXQQHOLVORZHUWKDQIRUEODVWHGURFNEHFDXVHRIOHVVG\QDPLFLPSDFWRIWKHFRQVWUXFWLRQZRUNEXWLWLVFRQVHUYDWLYHO\
DVVXPHG KHUH WR EH WKH VDPH 7KH HYDOXDWHG WRWDO D[LDO IORZ DFURVV WKH  P QHDUILHOG VHFWLRQ RI D WLJKWO\
EDFNILOOHGEODVWHG.%6+WXQQHOLVDERXWWLPHVKLJKHUWKDQIRUD7%0ERUHGWXQQHO2ISDUWLFXODULPSRUWDQFHLV
WKDWWKHIORZDFURVVDPVHFWLRQRIYLUJLQURFNLVRQO\RQHSHUFHQWRIWKHIORZLQWKHQHDUILHOGRIDVHDOHG7%0
ERUHG WXQQHO, meaning that even very tightly backfilled bored tunnels significantly affect the overall groundwater 

































2.6 Rock stability  
2.6.1 Stress/strain mechanisms 
7KHPHFKDQLFDOSHUIRUPDQFHRI WKHYDULRXVGLVFRQWLQXLWLHVDQG WKHLU LPSRUWDQFHIRUVHOHFWLRQRIVXLWDEOHVLWHV IRU
+/:UHSRVLWRULHVLVGHWHUPLQHGE\IXWXUHPRYHPHQWVLQWKHURFNPDVVLQWHQGHGIRUKRVWLQJWKHP,WLVFRPPRQO\
DVVXPHGWKDW+/:SDFNDJHVPXVWQRWEHORFDWHGLQIUDFWXUH]RQHVRU LQGLVFRQWLQXLWLHVDORQJZKLFKVKHDULQJFDQ
WDNH SODFH DQG WKH SUREOHP LV WR SUHGLFWZKHUH IXWXUHPRYHPHQWVZLOO WDNH SODFH 7KH JRYHUQLQJ IDFWRUV DUH WKH
VWUHVVVWUDLQ SURSHUWLHV RI GLVFRQWLQXLWLHV RI GLIIHUHQW NLQGV DQG WKHLU ORFDWLRQ DQG RULHQWDWLRQZLWK UHVSHFW WR WKH
SUHYDLOLQJVWUHVVILHOGV$OOIUDFWXUH]RQHVLQFU\VWDOOLQHURFNFDQEHDVVXPHGWREHKDYHDV&RXORPEPDWHULDOZLWK
QHJOLJLEOHFRKHVLRQDQGGRPLQDWLQJ LQWHUQDO IULFWLRQ LOOXVWUDWHGE\ WKHJUDSK LQ)LJ LQZKLFKH[SHULPHQWDOGDWD




LQGXFHG FKDQJHV RI ODUJHVFDOH VWUHVV ILHOGV SULPDULO\ WDNHV SODFH DORQJ WKH UHODWLYHO\ IHZ ORQJH[WHQGLQJ
GLVFRQWLQXLWLHVLHWKRVHRIVWDQGQGRUGHUV
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
)LJ7HVWVHWXSIRUGHWHUPLQDWLRQRIWKHK\GUDXOLFFRQGXFWLYLW\RIWKHQHDU
ILHOG RI WKH%07 WHVW GULIW %|UJHVVRQ DQG 3XVFK $ LVZDWHUILOOHG
UXEEHUEODGGHUDQG%EHQWRQLWHVOXUU\WKDWSUHYHQWHGZDWHULQWKHURFNWRIORZ







2.6.2 Strain phenomena  
3ODQQHUV RI UHSRVLWRULHV IRU +/: VHDUFK IRU IUDFWXUHSRRU ORFDO DUHDV ZKLFK FDQ EH LGHQWLILHG E\ FRPELQLQJ
WRSRJUDSKLF DQDO\VLV GHHS ERULQJV FURVVKROH PHDVXUHPHQWV DQG JHRSK\VLFDO LQYHVWLJDWLRQV 6XFK DUHDV DUH
UHSUHVHQWHGE\ VPDOO URFNEORFNVFRQILQHGE\VW DQGQGRUGHUGLVFRQWLQXLWLHV DORQJZKLFK VKHDU VWUDLQKDVEHHQ








SUHVHQFHRIUG DQGWKRUGHUGLVFRQWLQXLWLHV DQG WR VHOHFW VXLWDEOHSRVLWLRQVRI WKHZDVWHSDFNDJHV7KLVPDWWHU LV
IXUWKHUH[DPLQHGKHUH

)LJ5HODWLYHPRYHPHQWVRI ODUJH URFNEORFNVFDXVHGE\ URWDWLRQRI WKH







2.6.3 Rock pressure and stability 
$SUREOHPZLWKIUDFWXUHSRRUURFNLVWKDWWKHKLJKURFNVWUHVVHVOHWVROLWWOHZDWHULQWRWKHWXQQHOVDQGKROHVWKDWWKH
FOD\VVHDOVPD\QRWEHFRPHZDWHUVDWXUDWHGXQWLODIWHUKXQGUHGVRI\HDUVGXULQJZKLFKWKHFOD\GHVLFFDWHVDQGORVHV
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SDUWRILWVZDVWHLVRODWLQJFDSDFLW\HYHQDIWHUVXEVHTXHQWK\GUDWLRQ$ILUVWDQGSURPLQHQWGLIILFXOW\LVKRZHYHUWKH
ULVNRIIDLOXUHLQWKHFRQVWUXFWLRQDQGZDVWHSODFHPHQWSKDVHV7KLVLVDSUREOHPLQWKHSODQQLQJRIDUHSRVLWRU\WREH




























 3HUSHQGLFXODUWRV 3DUDOOHOWRV 
 3HUSHQGLFXODUWRV 3DUDOOHOWRV 
 3HUSHQGLFXODUWRV 3DUDOOHOWRV 
 3HUSHQGLFXODUWRV 3DUDOOHOWRV 
 6.%¶V³$EHUJ´65PDLQUHSRUW9RO,
)RU9'+WKHFRQGLWLRQVDUHGLIIHUHQW7KHKRUL]RQWDOURFNSUHVVXUHLVH[SHFWHGWRLQFUHDVHZLWKGHSWKIURP
03DDWPGHSWK DQG IXUWKHU WR DERXW03DDW DERXWPGHSWK DFFRUGLQJ WR+HUJHW¶V IRUPXOD
3XVFKWDNLQJWKHUDWLRRIPD[DQGPLQKRUL]RQWDOSUHVVXUHWREHXQLW\DFFRUGLQJWR5XPPHO¶VFODVVLFDOUXOH
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GLVFXVVHG EXW DPRQJ UHFHQW UHFRPPHQGDWLRQV RQH QRWLFHV WKDW PXG GHQVLWLHV DV ORZ DV  NJP ZRXOG EH





]RQHV LVPRWLYDWHG E\ WKH ULVN RI HURVLRQ RI WKHPXG DQG WKH FDQLVWHUHPEHGGLQJ FOD\ &RQFUHWH VHDOV FDVW KHUH











2.6.5 Role of rock structure and stress conditions for shearing of waste packages  
,QVKDOORZURFNZLWKKLJKIUHTXHQF\RISRWHQWLDOO\DFWLYHPLQRUIUDFWXUH]RQHVLHGLVFRQWLQXLWLHVRIUGRUGHUWKHVH
DUHH[SRVHG WR UHODWLYHO\ ORZQRUPDOSUHVVXUH7KHULVNRIVHLVPLFDOO\RU WHFWRQLFDOO\JHQHUDWHGVKHDULQJRI9'+
KROHVRU.%6+WXQQHOV LQWHUVHFWHGE\VXFK]RQHVLVKHQFHKLJKHU WKDQIRUGHHSURFNZKHUHWKH\DUHXQGHUKLJK
SUHVVXUH 6LQFH WKHLU VSDFLQJ UDQJHV EHWZHHQ D IHZ WHQV WR D KXQGUHG PHWHUV D FRQVLGHUDEOH QXPEHU RI
VXSHUFRQWDLQHUSRVLWLRQVLQDVKDOORZUHSRVLWRU\ZRXOGKDYHWREHDEDQGRQHGZKLOHWKHKLJKSUHVVXUHRI9'+URFN
DWGHSWKZRXOGDOORZZDVWHSDFNDJHVDOVRZKHUHPLQRUIUDFWXUH]RQHVDUHLQWHUVHFWHG7KHXSSHUNPRI9'+KROHV
ZLOO EH LQWHUVHFWHG E\ SRWHQWLDOO\ VOLSSLQJ UG RUGHU IUDFWXUH ]RQHV DV IUHTXHQWO\ DV .%6+ WXQQHOV EXW OHVV
IUHTXHQWO\GHHSHUGRZQZKHUHWKHKLJKHUQRUPDOSUHVVXUHPHDQVWKDWVKHDULQJLVFRQFHQWUDWHGWRVWDQGQGRUGHU
GLVFRQWLQXLWLHV+HUH LWPD\EHSRVVLEOH WRSODFHVXSHUFDQLVWHUVZKHUHPLQRUIUDFWXUH]RQHVLQWHUVHFWD9'+7KH





3.1 General philosophy 
7KH PRVW LPSRUWDQW LVVXH LQ IRUHFDVWLQJ PLJUDWLRQ RI SRVVLEO\ UHOHDVHG UDGLRQXFOLGHV IURP +/: SDFNDJHV YLD
JURXQGZDWHULVWKHZDWHUERUQWUDQVSRUWWKURXJKUHSRVLWRU\URFN)RFXVLQJRQWKHQHDUILHOGRIZDVWHSDFNDJHVRQH
PXVWFRQVLGHUWKHLPSDFWRIH[FDYDWLRQGLVWXUEDQFHE\EODVWLQJDQGERULQJIRU.%6+UHSRVLWRULHVDQGWKHUROHRI




3.2 Role of a blast-disturbed EDZ  
2QHILQGVIURPWKHGHVFULSWLRQRIKRZH[FDYDWLRQGLVWXUEDQFHDIIHFWVWKHK\GUDXOLFSHUIRUPDQFHRIWKHQHDUILHOGRI
.%6+ WXQQHOV LQ 6HFWLRQ  WKDW EODVWLQJ PDNHV WKH QHDU ILHOG PRUH SHUPHDEOH WKDQ ERULQJ EXW WKDW WKH
GLIIHUHQFHLVQRWYHU\VLJQLILFDQW,WPD\LQIDFWEHEDODQFHGE\WKHSRVLWLYHHIIHFWRIVWUHVVUHOD[DWLRQFDXVHGE\WKH
LPSDFWRIG\QDPLFIRUFHVWKDWOHDGWRDQLQFUHDVHGGHJUHHRIIUDFWXULQJDQGILVVXULQJ)LJ7KHUHOD[DWLRQFDXVHG
E\WKHVRIWHQLQJRI WKHQHDUILHOGRIVKDOORZUHSRVLWRULHVFDQPDNHLWSRVVLEOH WRFRQVWUXFW WXQQHOVZKHUHWKHURFN
SUHVVXUHLVYHU\KLJKZKLFKLVH[SORLWHGE\WKH6ZHGLVK1XFOHDU)XHODQG:DVWH&R6.%LQWKHLUSODQQLQJRID
+/:UHSRVLWRU\DW)RUVPDUNQRUWKRI6WRFNKROP%RULQJRI.%6+WXQQHOVFDXVHVYHU\ OLPLWHGGLVWXUEDQFH$W
PGHSWKZDWHU LQIORZ WDNHVSODFHSULPDULO\ZKHUHWKRUGHUDUH LQWHUVHFWHGFDXVLQJSUREOHPVZLWK ORFDO
VWURQJ³VSUD\´LQIORZRIJURXQGZDWHUWKDWFDQHURGHWKHPXGDURXQGWKHVXSHUFRQWDLQHUVDQGWKHFOD\ZLWKLQWKHP


















4.1Preliminary assessment of the function, constructability and cost 
7KHLQFUHDVHLQURFNSUHVVXUHZLWKGHSWKPHDQVWKDWWKHK\GUDXOLFFRQGXFWLYLW\RIWKHURFNZKHUHWKHZDVWHEHDULQJ
SDUW RI9'+ LV ORFDWHG LV VLJQLILFDQWO\ ORZHU WKDQ IRU WKH VKDOORZ.%6+7KLVPDNHV WKH9'+FRQFHSWPRUH
DWWUDFWLYH EXW RWKHU IDFWV GR DOVR VSHDN LQ IDYRXU RI WKLV VROXWLRQ2QH LV WKDW UHWULHYDO RI WKH VXSHUFRQWDLQHUV E\
RYHUFRULQJLVIHDVLEOHZKLOHLWZRXOGEHPXFKPRUHH[SHQVLYHULVN\DQGGLIILFXOWIRU.%6+$QRWKHUIDFWRIHYHQ
JUHDWHULPSRUWDQFHLVWKHKLJKGHQVLW\RISRVVLEO\FRQWDPLQDWHGJURXQGZDWHUGHHSHUWKDQDERXWPLWPDNHVWKH
KHDY\ZDWHU VWD\ DW GHSWK DQGQRWPRYHXSZDUGV DQGPL[ZLWKRUSROOXWH VKDOORZJURXQGZDWHU &ODHVVRQ 
cKlOO$SUDFWLFDOLVVXHIRUWKHFRQVWUXFWLRQRIWKHUHVSHFWLYHUHSRVLWRU\W\SHVLVWKHSUHYDLOLQJDQGJHQHUDWHG
K\GUDXOLFJUDGLHQWZKLFKLVRIQRSUREOHPIRU9'+EXWZKLFKFDQEHYHU\KLJKIRU.%6+XQWLOLWLVIXOO\ZDWHU
VDWXUDWHG FDXVLQJ HURVLRQ RI LQMHFWHG PXG DQG RI GHQVH FOD\ LQ WKH VXSHUFRQWDLQHUV 3UDFWLFDO GLIILFXOWLHV DUH
IRUHVHHQIRUWKHODWWHUFRQFHSWLQWKHSODFHPHQWRIWKHVXSHUFRQWDLQHUVWKDWKDYHDZHLJKWRIPRUHWKDQWRQQHVIRU




KROHV ZLWK VOLJKWO\ GLIIHUHQW RULHQWDWLRQ IURP WKH VDPH VKDOORZ XQGHUJURXQG FKDPEHU FDQ EULQJ WKH FRVW GRZQ
VXEVWDQWLDOO\

4.2 Development and testing  
1RGHPRQVWUDWLRQRIWKHFRQVWUXFWDELOLW\DQGIXQFWLRQRI9'+RU.%6+KROHVDQGWXQQHOVRUSDUWVRIWKHPKDV
\HWEHHQPDGH7ZRZD\VRIVWXG\LQJ ODUJHVFDOHK\GURORJLFDODQGPHFKDQLFDOSHUIRUPDQFHVRI WKHWZRFRQFHSWV
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ZLWK VSHFLDO UHVSHFW WR WKH UROH RI WKH JURXQGZDWHU VDOLQLW\ DQG RI PDMRU FKDQJHV LQ WKH VWUHVV ILHOG DUH
UHFRPPHQGHG
x 7KHRUHWLFDOPRGHOOLQJRIWKHHYROXWLRQRIWHPSHUDWXUHK\GUDXOLFJUDGLHQWVJURXQGZDWHUIORZDQGVWUDLQLQ
WKH URFN DQG HQJLQHHUHG EDUULHUV IRU .%6+ DQG 9'+ DVVXPLQJ UHOHYDQW URFN VWUXFWXUH PRGHOV DQG
FKDQJHVLQVWUHVVILHOGLQWKHILUVWDQG\HDUV
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